Abstract-Humidity sensors rely on humidity-induced refractive index change in the sensing material despite the sensor configuration. Polymer-based microwires can absorb water vapor molecules and detect humidity changes without the need of further coating. However, the sensitivity-simplicity trade-off is still a challenge. Sophisticated coating methods, complex resonating structures, and nanostructured films are reported as methods to enhance the device sensitivity. A simple technique, to build a high sensitivity RH sensor based on an agarose-doped Poly Methyl Methacrylate (PMMA) sensor head, is demonstrated. The waist diameter and uniform length of the PMMA doped agarose gel microfiber were measured to be 6 µm and 10 mm, respectively. The sensor can achieve power variation of up to 2.9 µW in a wide relative humidity range (50-80%), and display linear response with a correlation coefficient of 98.29%, sensitivity of 0.421 dB/%RH, and resolution of 0.431%RH. This agarose-based optical sensor provides a beneficial complement to the existing electrical ones, and will promote the employment of agarose in chemical sensing techniques.
and high sensitivity [1] , [2] . The great evanescent fields and the sturdy confinement [3] as well as the superb waist uniformity and the surface smoothness [4] make the microfibers prospective candidates for low loss optical sensing of refractive index (RI), temperature, humidity, displacement, acceleration, and other parameters. Silica is one of the most popular optical materials to fabricate a microfiber. However, several different materials, including polymers are also used [1] .
Polymer microfibers have excellent merits over other waveguiding counterparts by their ultrahigh optical confinement, strong evanescent fields, hospitality to many functional dopants, capability of light modulation, mechanical flexibility and low cost. In recent years, several functionalized polymers, such as Poly Methyl Methacrylate (PMMA), Polyacrylamide (PAM), Poly Vinyl Alcohol (PVA), Poly Ethylene Oxide (PEO), Polystyrene (PS), and Polyaniline (PANI'), have been proposed for sensors, waveguides or light source applications [4] , [5] .
Several techniques have been used to fabricate polymer microwires or nanowires including chemical synthesis, nanolithography, electro-spinning and direct physical drawing. The physical drawing is a simple and cheap technique where a hot plate is used to melt the polymer. Then, the tip of a silica fiber is used to be immersed into the polymer droplet and drawn up quickly, forming a polymer microwire [6] . The resulting polymer microfiber has an excellent uniformity and smooth surface which are required to decrease the loss in optical sensors [7] .
Humidity refers to the existence of water in vapor form. Due to their advantages over their electrical counterparts, optical humidity sensors have attracted photonic researchers to investigate different fibers, coatings and functionalizing materials to fabricate and implement a sensor. However, most of them have the same working principle by which, the surrounding humidity variations are detected as changes of the effective refractive index [8] .
In previous works, a single mode glass tapered fiber coated with different humidity sensitive materials, such as: polymeric nano-assembled composites [9] , [10] , gelatin [11] , Al-doped ZnO [12] and agarose gel [13] were reported. Multimode optical fiber probe coated by three porous oxide films was also used [14] as a humidity sensor with an average sensitivity of 0.7 nm/%RH. A hollow core fiber is another possible structure of humidity sensors where the central air gap cladded by fiber is spliced between two standard multimode fibers and coated by a nanofilm [15] . Besides glass optical fibers, photonic crystal fiber 0733-8724 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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(PCF) [16] , plastic optical fiber (POF) [8] and polymer optical fiber [17] were also utilized as relative humidity (RH) sensors. Polymer-based humidity sensors have been receiving greater attention due to polymer lattice hospitality to many functional dopants. Thus, it is easy to be functionalized by solvating the dopants into the polymer mixture. For instance, a PAM (polyacrylamide) 2-3 µm diameter micro-ring was reported in [18] for high-sensitivity (0.49 nm/%RH) optical humidity sensing. PAM absorbs H2O molecules, causing resonant wavelength shifts as humidity rate increases. In another report, a sensitivity of 0.088 nm/10%RH was achieved [19] by using a polymer microfiber 2.1 µm knot resonator. Functional doping material is able to enhance its capabilities of generating, propagating, converting and modulating light at the micro-nanoscale [5] .
In previous works, a single mode glass tapered fiber coated with different humidity sensitive materials, such as: polymeric nano-assembled composites [9] , [10] , gelatin [11] , Al-doped ZnO [12] and agarose gel [13] were reported. Multimode optical fiber probe coated by three porous oxide films was also used [14] as a humidity sensor with an average sensitivity of 0.7 nm/%RH. A hollow core fiber is another possible structure of humidity sensors where the central air gap cladded by fiber is spliced between two standard multimode fibers and coated by a nanofilm [15] . Besides glass optical fibers, photonic crystal fiber (PCF) [16] , plastic optical fiber (POF) [8] and polymer optical fiber [17] were also utilized as RH sensors.
In this work, an optical based humidity sensor at a low manufacturing cost is demonstrated; this sensor is based on the doping of PMMA with agarose gel which was directly drawn using a silica SMF. Basically, the proposed humidity sensor relies on a humidity-induced refractive index change in the agarose gel. As a result, the transmitted optical power through the PMMA doped agarose gel microfiber varies as a function of the RH. The overall low fabrication cost of the sensor and the wide use of agarose gel in biological research applications [11] [12] [13] [14] [15] [16] make our sensor very attractive for laboratory and industrial applications. To our knowledge, this is the first time that the agarose gel is used as the sensitive material of a PMMA microfiber.
II. SENSOR FABRICATION
The PMMA doped agarose gel microfiber was fabricated by direct drawing method as follows: Poly(methyl methacrylate) (PMMA) was first dissolved in acetone to form a homogenous solution with wt% 3. Agarose gel was then dissolved in water in a proportion of 1% in weight. The mixture was heated to 50°C. A small portion of the mixture was combined with PMMA solution and strirred at 35°C for 1.45 hours and then ultrasonicated for 20 minutes to form a uniform solution with appropriate viscosity for drawing. In the fabrication process, first, the buffer of the silica fiber (SMF corning 28) was removed and then cleaning with alcohol. Later on, the tip of the 125 µm diameter was immersed into the solution. Then the fiber tip was retracted from the molten polymer with a speed of 0.1-1 m/s, leaving a PMMA microfiber extending between the molten PMMA and the tip. The extended PMMA microfiber was quickly quenched in air and subsequently forming a bare PMMA microfiber. The microfiber diameter can be controlled by the pulling speed and viscosity of the polymer (which depends on the hot plate temperature). Microfibers produced by this technique are uniform in diameter over a long length with good flexibility. In this work, the PMMA with Mw ∼ 15.000 by GPC and agarose powder (no. A6013) were purchased from Sigma Aldrich. Fig. 1(a) shows the microscopic image of the PMMA doped agarose gel microfiber, while Fig. 1(b) shows the microscopic image of the undoped PMMA microfiber (both having a diameter of 6 µm). The total length of the polymer microfiber section was fixed at around 10 mm.
In order to connect the polymer microfiber into our system, one of the ends of a pair of silica fiber are tapered forming a microfiber and utilized as an interface between our polymer microfiber and the laboratory apparatuses, as shown in Fig. 2 . Both microstructures (polymer and silica microfibers) are linked electrostatically by allowing one of them to overlap the other in the two ends of the polymer microfiber. Due to the high degree of diameter uniformity and surface smoothness of the fabricated microfibers, most molecules located at the surfaces of the microfibers can contact firmly when adhered together, which produces strong van der Waals and electrostatic forces between them. Light waveguiding along the microfiber is employed by evanescent coupling method where light is able to be launched from the fiber taper and collected by the polymer microfiber within the overlapping area [4] . As can be seen in the arrangement of Fig. 2 , the light is coupled from the laser source and is guided until the sensor head, where the light interacts with the humidity sensing material. The signal is then transmitted to the optical detector.
The experimental setup used for the relative humidity measurement is shown in Fig. 3 . An amplified spontaneous emission (ASE) light source operating at a wavelength of 1550 nm is launched into the silica microfiber. The light is guided through the lead in the silica microfiber then passes through the PMMA microfiber doped agarose gel, which is placed in a sealed chamber with a dish filled with saturated salt solution. Salt solution was placed in the sealed receptacle in order to simulate the different value of relative humidity. Humidity will increase as a result of the increase in the water vapour from the salt solution. The end of the output from the other side of the silica fiber (untapered end) is coupled into a 3dB coupler and sent to an optical spectrum analyzer (OSA) and power meter for data recording. The relative humidity is detected by the change in the output power recorded by the power meter and also the wavelength shifting recorded by the OSA. The sealed chamber is constructed with a hole and the PMMA microfiber is introduced through it into the sealed receptacle and suspended in the air above different saturated salt solutions in order to measure different values of relative humidity [9] . In the experiment, the performance of the sensor was investigated for a series of changes in relative humidity ranging from 50% to 80% in steps of 5% using the omega RH-21 C temperature-relative humidity meter.
III. RESULT AND DISCUSSION
The changes in the transmission spectrum corresponding to the increase in relative humidity using an undoped PMMA microfiber is presented in Fig. 4(a) for the resonance peak at λ ∼ 1544 nm. When the relative humidity is increased, the output power decreases and the peak blueshifts to longer wavelengths. It was found that the peak wavelength shifts from 1544.1 nm to 1544.51 nm as the relative humidity increases from 50% to 80% for the undoped PMMA microfiber. Subsequently, the change in the transmission spectrum with increasing relative humidity of the PMMA doped agarose gel microfiber is shown in Fig. 4(b) . The resonant peak is at λ ∼ 1546 nm. It was found that the peak wavelength shifts from 1546.87 nm to 1547.67 nm as the relative humidity increases from 50% to 80% for the PMMA doped microfiber.
Relative humidity monitoring can be carried out either by evaluating the wavelength shift at a fixed output power or by evaluating the power change at a fixed wavelength. Fig. 5 displays the relative humidity variation against output power, which shows that the linear trend line can be fitted to the experimental data with a correlation coefficient value, r of more than 0.98 and 0.97 for the undoped PMMA and PMMA doped agarose gel microfiber, respectively. Correspondingly, the linear fitting of the experimental data indicate that the relative humidity sensitivity of the device is 0.068 µW/% and 0.1 µW/%. The fixed wavelength to monitor the output power in Fig. 5 is 1550 nm. Based on Fig. 6 , the linear fitting of the experimental data indicates that the peak wavelength is shifted against relative humidity in a rate of 13.3 pm/% and 20.9 pm/% and with a linearity of 96.7% and 70.17% for undoped PMMA and PMMA doped agarose, respectively.
When the relative humidity increases, the diffusion of water molecules into the sensor probe causes reduction in the refractive index of the sensor probe. Agarose is a hydrophilic material with high porosity which allows the absorption of moisture and displays good sensitivity as a humidity sensor. According to Batumalay [8] , the fiber with an agarose gel of 0.5% weight content shows higher sensitivity in comparison with 1% and 1.5% due to the effect of the pore size. Furthermore, Stellan and Yao [20] mentioned that the porosity of agarose decreases as the concentration of agarose increases. The agarose causes a refractive index change in accordance with humidity which affects the modulation of light propagating through the fiber. It is observed that the output power is found to be decreasing, as the relative humidity increases. The higher refractive index on PMMA doped agarose creates a lossy waveguide which leads to a decrease in the output power. According to Lee et al. [21] the refractive index value of agarose gel varies from 1.52 to 1.54 when RH changes from 20% to 80% Doping PMMA microwires with agarose offered an enhancement in power changes in response to RH variations with a sensitivity of about 0.1 µW/%RH and a linearity of more than 97%. Based on the standard deviation of 0.011 µW, its resolution is obtained at 0.2%. Moreover, agarose-doped PMMA has a sensitivity of 20.9 pm/%RH comparing to the bare PMMA sensor proposed by Wu et al. [19] . which had a sensitivity of 8.8 pm/%RH. It is interesting to notice that although our proposed sensor has no resonating structure, it has achieved higher wavelength shifts comparing to the PMMA resonating knot structure reported by Wu.
The performance characteristic of the proposed sensor is summarized in Table I . The PMMA doped agarose gel microfiber shows a sensitivity of 0.1 µW/% and linearity of more than 97%. Based on the standard deviation of 0.011 µW, its resolution is obtained at 0.2%. Since the PMMA doped agarose gel microfiber has a higher refractive index value than that of the undoped PMMA, it behaves as a lossy waveguide and allows more light to be transmitted. Our agarose-doped PMMA sensor is also benchmarked to some recent RH sensors reported in the literature. The comparison shows that our sensor's sensitivity is considerably high. In addition, the sensor has been produced by a simple method and configured in a straight-fiber structure, which is the simplest microfiber structure.
Our agarose doped PMMA microfiber sensor is benchmarked to some recent RH sensors reported in the literature in Table II . The comparison shows that our sensor's sensitivity is considerably high. In addition, the sensor has been produced by a simple method and configured in a straight fiber structure, which is the simplest microfiber structure.
IV. CONCLUSION
A new relative humidity sensor based on the PMMA microfiber doped agarose was proposed and experimentally demonstrated. The sensor functioned well within the operation range of 50% to 80% RH and with a sensitivity of 0.1 µW/%. The doping of agarose gel was enabled by the use of PMMA. Agarose gel is a highly attractive material as it is stable, non-water soluble and is commonly used in other sensing applications.
